Ϫ1
. (Imbalzano et al., 1994; Dingwall et al., 1995; Wang et It was previously reported that SWI/SNF complex al., 1996), has been described. binds preferentially to four-way-junction DNA, leading to Perturbation of nucleosome structure by SWI/SNFthe suggestion that the complex might similarly interact related complexes is revealed by increased accessibility with the hypothetical crossover point of DNA entering to DNase I and to sequence-specific DNA binding proand exiting the nucleosome (Quinn et al., 1996) . We teins. Such "chromatin-remodeling" requires ATP hytherefore investigated the binding of RSC to a nucleodrolysis, attributable to the Swi2/Snf2 component of some lacking a crossover point. The 172-base pair 5S SWI/SNF complex and to its homologs Sth1 in RSC, rDNA fragment used in this work was reduced to 147 brahma in the Drosophila complex, and hBrg and hbrm base pairs, centered on the expected dyad of the nucleosome, to form a typical core particle containing only one and three-quarters superhelical turns and * To whom correspondence should be addressed.
therefore no possible crossover of the DNA. RSC bound † Present address: Huntsman Cancer Institute and Department of
Oncological Sciences, University of Utah, Salt Lake City, Utah 84108.
to this 147-base pair core nucleosome with an affinity Nucleosomes (18 ng, lanes 3-6) assembled on the 172-base pair Figure 2 . Restriction Endonuclease Digestion of an Activated RSCfragment labeled by filling in, or the naked DNA fragment from which Nucleosome Complex they were derived (lanes 1 and 2), were combined with RSC (110 (A) Effects of RSC and ATP on DraI digestion of nucleosomal DNA. ng), with (ϩ) or without (Ϫ) the addition of ATP, kept for 20 min at Nucleosomes (as in Figure 1 , 6 ng, except labeled with polynucleo-30ЊC, and treated with DraI (35 U) for 10 min at 30ЊC or with DNase tide kinase and ␥-32 P-ATP) or the naked DNA fragment from which I (3 ng) as indicated for 40 s at room temperature, followed by gel they were derived (nuc ϩ/Ϫ) was combined with 15 ng of RSC (ϩ) electrophoresis. Singlet and doublet bands due to RSC-nucleosome or not (Ϫ) and ATP (ϩ) or not (Ϫ), followed by incubation for 15 min complexes (RSC-nuc) and singlet bands due to RSC-DNA complex at 30ЊC. DraI (60 U) was added, followed by incubation for 40 min, (RSC-DNA), to free nucleosomes (nuc), and to naked DNA (DNA) extraction of DNA, and electrophoresis in a 7% polyacrylamide gel. are indicated on the right.
Hexokinase (hexo, 4 g) and glucose (30 mM in reaction mixture) were added before (pre, lane 5) or after (post, lane 6) RSC, followed by incubation for 5 min at 30ЊC for the degradation of ATP before comparable to that of binding to the 172-base pair proceeding. Addition of hexokinase and glucose before RSC, which nucleosome (data not shown). cross-linked nucleosome or a nonhydrolyzable analog of ATP (data not shown). Formation of the slower migrating or "activated" complex was due to RSC, and not to a contaminant in the RSC preparation, since activated doublet but not the lower band ( Figure 1 , lane 5; see also Figure 4 , lanes 2 and 4). Similar selectivity was complex-forming ability cochromatographed with RSC in the last step of purification and since activated comfound for digestion with DNase I, a classical marker of transcriptionally active chromatin: the upper band of plex formation was lost following immunodepletion with anti-Rsc11 antibodies (data not shown). The efficiency the RSC-nucleosome doublet disappeared following DNase I digestion while the lower band was unaffected of conversion to the activated complex was at least as great for a 147-base pair core particle as for the 172-( Figure 1 , lane 6). Restriction endonuclease cutting was confirmed by base pair nucleosome, showing again a lack of requirement for a crossover point in the nucleosomal DNA.
extraction and analysis of nucleosomal DNA. DraI alone cleaved only 17% of the nucleosomal DNA during 40 The slower migration of the activated complex in gels is indicative of a more extended conformation of the min ( Figure 2A , lanes 2 and 3; this cutting was probably due to a small amount of naked DNA contaminating the nucleosome, of RSC, or of both. Results of nuclease digestion point to unfolding of the nucleosome (but do nucleosomal preparation), and no further cleavage was observed during more extended digestion (data not not exclude a conformational change of RSC as well). The DNA fragment used in this work forms a well-posishown). By contrast, in the presence of RSC and ATP, DraI cut extensively, cleaving 86% of the nucleosomal tioned nucleosome, with cleavage sites for the restriction endonucleases DraI and MspI located about 15 and DNA during 40 min ( Figure 2A , lane 4), which again represented limit digestion. Similar results were obtained with 41 base pairs from the dyad, respectively. Digestion with DraI destroyed the upper band of the RSC-nucleosome
MspI. In this case, 60%-70% of the nucleosomal DNA Nucleosomes (as in Figure 2A , 6 ng) were combined with RSC (15 ng) and ATP as in Figure 1 and treated where indicated with hexokinase and glucose for the removal of ATP as in Figure 2A . Other The structural perturbation of the nucleosome in the site only 22 base pairs from an end of the nucleosome; activated complex persisted following the removal of exposure of the cleavage site may be attributed to ther-ATP. The complex continued to exhibit a diminished mal "breathing" or dissociation of the end from the electrophoretic mobility and was still destroyed by DraI histone octamer surface within the nucleosome. RSC (Figure 4 ). Persistent structural perturbation was also inhibited this cutting completely ( Figure 2B , lane 5), sugapparent from DNase I footprint analysis (data not gestive of RSC interaction near the end (in keeping with shown; previously reported for human SWI/SNF as well the dependence on a double-stranded character of the [Imbalzano et al., 1996] ). A quantitative difference was, end noted below). Addition of ATP reversed the inhibihowever, noted in the DraI cutting of nucleosomes tion of MspI cutting by RSC ( Figure 2B , lane 6), enabling formed on DNA with a single-stranded end (labeled with cleavage of all the nucleosomal DNA.
polynucleotide kinase) rather than a blunt end (labeled RSC action also renders nucleosomes susceptible to by filling in the end). The single-strand ended nucleoexonuclease digestion. The boundaries of the nucleosomes were less efficiently converted to activated comsome core particle are ordinarily impediments to digesplex (data not shown). Most of these nucleosomes were tion by exonuclease III, which trims the ends of the cut by DraI in the presence of RSC and ATP, but very DNA rapidly to the 146-base pair core position and then little cutting was observed following the removal of ATP degrades further much more slowly, with pauses every (compare Figure 2B , lanes 4 and 6). The majority of the ten bases, reflecting the periodicity of DNA-histone connucleosomes were nonetheless cleaved by Dra I in the tacts (Prunell and Kornberg, 1978) . For studies of RSCpresence of ATP, which may be explained by catalytic nucleosome complexes, reaction mixtures with or withaction of RSC, binding a nucleosome, enabling cleavage out ATP were treated with exonuclease III and resolved by DraI, releasing the products, and repeating the cycle. by gel electrophoresis. The RSC-nucleosome and resid-ATP is required to drive the cycle, since following its ual free nucleosome bands were excised from the gel, removal, only the small fraction of nucleosomes in the and DNA was extracted and analyzed (the individual activated complex at steady state is subject to dibands of the RSC-nucleosome doublet could not be gestion. cleanly separated and so were analyzed together). The RSC was removed from complexes with labeled DNA RSC-nucleosome band from the reaction without ATP or from complexes with labeled nucleosomes by compeand the free nucleosome band exhibited the characteristition with unlabeled DNA. All labeled DNA, and in the tic impediment to exonuclease III digestion (Figure 3 , absence of ATP, all nucleosomes, were recovered in lanes 1-4), whereas the RSC-nucleosome doublet from free form, as judged from mobility in a gel (data not the reaction with ATP showed much more extensive shown). In the presence of ATP, the nucleosomes were digestion (Figure 3, lanes 5 and 6) . What little impedireleased in altered form. About half of the altered nucleoment remained in the case of the doublet may have been somes were in a band at an intermediate position bedue to the lower (faster migrating) band of the doublet, tween RSC-nucleosome complexes and free nucleosomes ( Figure 5A , left lane, band indicated by arrow). presumed to contain an unaltered nucleosome. (A) Generation of the altered form by removal of RSC. Nucleosomes (6 ng) assembled on the 147-base pair fragment were combined with RSC (15 ng) and kept for 20 min at 30ЊC. DraI (40 U) was added (ϩ) or not (Ϫ), followed by incubation for 40 min at 30ЊC, addition of closed circular plasmid (DNA, 3 g), and incubation for a further 5 min at 30ЊC. Other procedures were as in Figure 1. (B) Histone composition of altered nucleosomes. Reactions were as in (A) except that the levels of nucleosomes, RSC (omitted from lane 1), and plasmid DNA were five, six, and four times greater, respectively, and DraI digestion was omitted. Following electrophoresis as in Figure 1 , proteins extracted from the gel bands were subjected to SDS-PAGE. Proteins were revealed by silver staining. The four bands visible in both lanes were coincident with those of a rat liver histone octamer marker (not shown). The intensities in Figure 6 . Maltose Gradient Sedimentation and DNase I Footprint lane 1 were somewhat greater than those in lane 2 because virtually Analyses of Altered Nucleosomes all the material migrated in the nucleosome band extracted for lane A reaction mixture prepared and processed as in Figure 5A , lane 1, 1, whereas only about one third of the material was in the intermediwas sedimented in a maltose gradient. Gel electrophoresis and ate band due to the altered nucleosome extracted for lane 2 (see autoradiography as in Figure 1 identified the peak centered in frac- Figure 5A the gel, due in all likelihood to aggregation, indicative of irreversible nucleosome unfolding. Additional bands due to free nucleosomes and DNA were caused by to To characterize further the altered nucleosomes in incomplete conversion to the activated complex, as well the intermediate band, they were isolated by sucrose as some free DNA present in the original nucleosome gradient sedimentation (Figure 6 ). The order of sedimenpreparation. When the activated RSC-nucleosome comtation velocities was the inverse of the order of gel mobilplex was cleaved with DraI, followed by removal of RSC, ities: sedimenting fastest, to near the bottom of the both the intermediate band and the material at the top gradient, was the material that failed to enter the gel, of the gel were shifted to faster migrating species ( Figure  followed by the altered nucleosomes, the unaltered 5A, right lane), showing that both were derived from the nucleosomes, and finally, sedimenting slowest, free activated complex.
DNA, which ran fastest in the gel. Fractions containing For identification of protein components, both the inaltered and unaltered nucleosomes were subjected to termediate band and that due to the nucleosome were DNase I footprint analysis ( Figure 6 ). The footprints were excised, extracted, and analyzed by SDS-PAGE. The almost the same and exhibited the enhanced cutting intermediate band contained all four histones at approxevery ten bases characteristic of the DNase I digestion imately the same levels as the nucleosome ( Figure 5B ).
pattern of a nucleosome. The altered nucleosome thus No proteins other than histones were detected, but the differs from that in the activated complex, whose pattern presence of one or more RSC subunits in the intermediate band was not excluded.
of DNase I cutting more nearly resembles that of naked the altered form represents an irrelevant, irreversible breakdown product of the nucleosome.
Discussion
RSC binds DNA and nucleosomes and disrupts histone-DNA interactions, as shown previously for other chromatin-remodeling complexes (Tsukiyama et al., 1994; Owen-Hughes et al., 1996; Quinn et al., 1996) . Three further findings are reported here. First, a RSC-nucleosome complex is resolved as a discrete species by gel electrophoresis; previous attempts with other chromatin-remodeling complexes yielded only apparent aggregates, which failed to enter the gel. Second, an activated intermediate in the pathway of nucleosome disruption by RSC is detected, by a combination of gel electrophoresis and restriction enzyme digestion. Finally, nucleosomes are released from the activated complex in a persistently altered form, as shown by gel shift and sedimentation analysis. Taken together, our findings reveal a cycle of nucleosome perturbation by RSC: treatment of the nucleosome with RSC and ATP leads to an activated state; removal of RSC results in an altered form; treatment again with RSC and ATP, followed by removal of RSC, restores the original nucleosomal configuration. Three states of the nucleosome are thus defined: activated, altered, and unaltered. Interconversion among these states by RSC and ATP is indicative of their physiologic relevance.
Our findings are informative about the chromatin remodeling process. The inhibition by RSC of MspI diges- sight may be gained from the structure of the altered nucleosome. Although derived from the nucleosome in the activated complex, as shown by the results of DraI DNA . Although the altered nucleodigestion, the altered form differs significantly from an some has lost sensitivity to DNase I digestion, it noneactivated nucleosome, for example, in sensitivity to cuttheless exhibits a diminished histone-DNA interaction, ting by DNase I. The altered form could be a conforas shown by a loss of stability at elevated ionic strength. mational variant of the nucleosome, presumably more The altered nucleosome is almost completely destroyed compact to explain its greater sedimentation velocity. by brief exposure to 0.5 M NaCl, whereas an unaltered Another possibility, accounting for both a greater sedinucleosome is unaffected ( Figure 7A) . mentation velocity and a diminished electrophoretic moAlthough the structural change of the altered nucleobility, would be an increase in mass, due to association some is persistent, it can be reversed by readdition of of additional protein(s) with the nucleosome. As men-RSC and ATP. RSC was removed by competition with tioned above, association of one or more RSC subunits unlabeled DNA following the reaction in order to reveal with the altered form was not detected but could not the nucleosomal products. The same pattern of prodbe ruled out. An increase in mass could also arise from ucts was obtained from the altered ( Figure 7B, lane 2) dimerization of the nucleosome. For example, an end and unaltered nucleosomes ( Figure 7B, lane 4) . In both of DNA released from one nucleosome might bind to cases, the predominant product was an unaltered nucleothe histone surface exposed by the release of DNA from some. The significance of this result is 2-fold: it provides another. A transient effect of RSC on histone-DNA interfurther evidence that the altered nucleosome retains a action would thus be trapped in a persistently altered state. full set of histones, and it rules out the possibility that
